Pure-tetrahedral unstructured grids have been shown to produce asymmetric heat transfer rates for symmetric problems. Meanwhile, two-dimensional structured grids produce symmetric solutions and as documented here, introducing a spanwise degree of freedom to these structured grids also yields symmetric solutions. The effects of grid skewness and other perturbations of structured-grids are investigated to uncover possible mechanisms behind the unstructured-grid solution asymmetries. By using controlled experiments around a known, good solution, the effects of particular grid pathologies are uncovered.
I. Introduction
H ypersonic unstructured-grid development has attracted considerable attention due to the complexity of generating and adapting structured grids. Despite the advantages of unstructured grids, several issues with unstructured-grid techniques have been reported. [1] [2] [3] Gnoffo and White 4 showed that aerothermodynamic computations over an axisymmetric geometry with a pure-tetrahedral unstructured grid, result in asymmetric predictions in the spanwise direction and across the symmetry plane. In their study, a uniformly biased unstructured grid was generated from a structured grid and the surface heat transfer rates were compared with a structured grid solution. The unstructured grid and solution from Reference 4 are shown in figure 1 .
Nompelis et al. 5 developed a hybrid implicit method for the solution of compressible Navier-Stokes equations on hybrid unstructured meshes. With this method, flow over a circular cylinder traveling at Mach 17.6 was simulated on several hybrid unstructured meshes. Heat transfer rate predictions were asymmetric for all the hybrid unstructured meshes except for the grid with hexahedral cells within the bow shock region. The surface pressure distributions were, however, symmetric with respect to the stagnation line although spanwise variations were present for all grid cases.
Understanding the fundamental mechanism that causes an unstructured-grid technique to yield such unphysical behavior is essential to developing robust unstructured-grid techniques. While other efforts are focused on unstructured meshes, this study uses structured-grid aerothermodynamic simulations to search for grid characteristics that lead to similar asymmetries. If the effects of the grid are large and unpredictable, a better solver needs to be developed and experience in grid pathologies becomes crucial.
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II. Computational Modeling
For this study, the extruded cylinder case of Gnoffo and White 4 is used for all computational simulations. Perfect gas, laminar air flow is modeled with the structured-grid Langley Aerothermodynamic Upwind Relaxation Algorithm (Laura) 6, 7 for the forebody of a 1 m radius cylinder traveling at Mach 17.6 with a Reynolds number of 3.77×10 6 . The full Reynolds-Averaged Navier-Stokes equations are iteratively converged until the L 2 norm of the residuals is 10 −9 .
A fully symmetric structured-grid over the 1m long extruded cylinder baseline grid is generated by creating a symmetric, bow-shock aligned structured grid on a two-dimensional cylinder and then extruding the grid in a spanwise direction with a constant cell size increment. This baseline grid is shown in Figure 2 and contains a total of 38,400 computational cells, 60 × 10 × 64. A no-slip boundary condition is imposed on the solid surface, the outer boundary is specified as free-stream, and symmetry is assigned for the two remaining surfaces. This baseline grid is manipulated in several different ways to mimic unstructured-grid characteristics. Figure 3 includes this baseline grid and all the perturbations explored during this study. To reduce repetition in the following discussion, each subfigure corresponds to a case name, e.g., subfigure 3b will correspond to Case B, 3c will be known as Case C, and so on. Case A will also be referred to as the baseline case.
Case B has spanwise spacing gradually increased to make the grid anisotropic along this direction. For all remaining cases, the surface grid points are kept the same as the baseline grid.
To determine the affects of grid misalignment with the bow shock, Cases C and D have one third of the computational cells misaligned with bow shock. The misaligned region is centered on the stagnation point, which has been stretched by 50% and linearly blended back to the baseline grid by the 20 th and the 40 th cells in the i-direction. Spline interpolation is used in the k-direction. To separate the effects of computational cell structure within the boundary layer, the first forty cells normal to the surface are frozen in Case C, while the cells within the boundary layer was also modified for Case D using a linear interpolation between the surface grid points and the 40 th grid points normal to the surface.
To mimic tetrahedral-grid faces not aligned with the bow shock, high-frequency perturbations are added to the grid coordinates along k lines by alternating arclength stretching factors in the i-and j-directions of the baseline case. Cases E-G are grids with high-frequency perturbations, while cases H-J have perturbation of lower frequency. Cases E and F are symmetric in the spanwise direction and across the stagnation line, with unmodified and modified cells within boundary layer regions, respectively. Cases E and F are generated by stretching the k-arclength by 20% for every i and j indicdes. For Case E, the first forty cells that lie within the boundary layer are not altered, while all the grid cells are modified in Case F. Case G is created similar to Case E with the exception that the acrlength change varies from the 2.5% to 40%. Case G is non uniform in the spanwise direction but symmetric with respect to the stagnation line. Case H is created by increasing the k-acrlength of every fourth i index, and of all the j indices by 10%. Case I is similar to the Case H except that every third i index is altered so that the grid becomes biased asymmetric in i-direction. To generate Case J, the k-arclength of every other four i indices located on the symmetry planes was increased by 50%. An increase of 25% was added to the k-acrlength at j=5. The grids are then blended using an elliptic interpolation in i-and j-directions, and a linear interpolation in k-direction.
Case K is generated by skewing the baseline grid from the surface out to the outer boundary. In this case the outer boundary is kept the same as the baseline grid, and the k-arclength of every second i index is increased by 15%. In Case L, however, only the first 30 cells within the BL are modified. This means that the outer boundary and the shock region remain aligned with the bow shock for both cases.
III. Results and Discussions
Aerothermodynamic properties including the surface pressure, p, surface heat transfer rates, q, bow shock thickness, and bow shock stand-off distance are compared with the baseline case shown in Figure 4 . As above, the solution on this grid is referred to as the baseline solution and Figure 4b confirms a symmetric solution across the stagnation line. The results of this baseline case are compared against all other grids shown in Figure 3 to search for mechanisms that lead to the asymmetric behavior observed with unstructured-grid meshes.
For all cases, surface pressures and heat transfer rates are compared with the baseline case, in Figure 5 . Case B shows that the heat transfer rate distributions remained symmetric with spanwise anisotropy. However, this spanwise-stretched grid under-estimates the surface heat transfer rates by about 4% at the stagnation point, while surface pressure remains undisturbed.
Case C shows minor circumferential asymmetries for the heat transfer rate close to the stagnation region, but otherwise spanwise symmetry. Upon also modifying the cells within the boundary layer, however, Case D shows acute asymmetric predictions of the surface heat transfer rates in the circumferential direction, while remaining symmetric in the spanwise direction. Note that the asymmetric behavior only appears in the region where the mesh is misaligned with the bow shock. Case E under-estimates the surface heat transfer rates by 5% when compared to the baseline solution. For Case F, however, where the grid cells within the boundary layer are also altered, this under-prediction is more severe (8%). Note also that both grids yield symmetric circumferential and spanwise solutions. Case G shows asymmetric surface pressure and heat transfer distributions in spanwise direction. Case G, however, did not produce asymmetric results in the circumferential direction. Comparing the results of Case G with Cases B-F shows that spanwise grid asymmetries cause asymmetries solutions along the same direction.
Examining Cases H-J shows that irregular and skewed structured grids with low frequency irregularities result in predictions that deviate from the baseline solution by 4-12%. Case H shows that an intermittent symmetric saw-tooth grid causes the heat transfer rates and surface pressure to be higher than that of the baseline case at the stagnation point by 4%, while Case I shows that a combination of low frequency irregular cells and asymmetric properties in circumferential direction lead to asymmetric computational predictions. And as before, the asymmetry of the surface heat transfer rates is more pronounced than for the surface pressure. Case J, having a combination of low frequencies in spanwise direction under-estimates the surface heat transfer rate distributions by as much as 12%. In addition, both pressure and surface heat transfer rates are spanwise asymmetric. Comparing the results of Cases G and J, which both have asymmetric grids in the spanwise direction, shows that asymmetric grids in spanwise direction lead to spanwise asymmetries.
Cases K and L reveal whether the errors associated with the skewed and irregular grids are inherited from the shock or from the boundary layer. Recall that the grid for Case K alters cells within the BL while Case L leaves them unmodified. Both cases show a 5%-6% error in heat transfer rate calculations. So while, grid skewness within the boundary layer creates a large local error in prediction of heat transfer rates (see Case D) the combination of grid irregularities in the shock and BL regions reduces the local error. The bow shock thickness, δ/r, and its stand-off distance, h/r, for all the cases are tabulated in Table 1 , where the shock thickness is defined as the closest distance between the sonic line and the free-stream mach contour. The tabulated data shows that the shock stand-off distance, δ/r, is about 0.45, regardless of the grid topology a . The bow shock thickness, however, varies by as much as 70% when compared with the baseline case. Computational results showed that the bow shock shape is highly affected by the outer boundary grid cells, emphasizing the importance of the grid alignment with the bow shock in accurately predicting the shock and aerothermodynamic properties. However, for all the cases studied except in Cases C and D, the bow shock is confined within two cells. This is due to the one-dimensional operator splitting of the cell-centered shock capturing algorithm. As an example, the bow shock for Case F is shown in Figure 6 . The claim is often made that grid effects are more serious for heat transfer rate than skin friction. To examine this hypothesis, heat transfer rates and skin friction coefficients, C f , are shown in Figure 7 . The grid irregularities affect the heat transfer rate by as much as 18% but the skin friction deviates from the baseline values by only 6%. 
IV. Conclusions
In this paper, mesh sensitivity for structured-grid hypersonic aerothermodynamic simulations were investigated. The analyses were studied with Laura to investigate the asymmetric issues known for pure tetrahedral unstructured-grid computational aerothermodynamic simulations. Structured-grid meshes were manipulated to mimic unstructured-grid characteristics for blunt body traveling at the Mach 17.6 with a Reynolds number of 3.77 × 10 6 . The results reveal the following pathologies:
• Grid alignment with the bow shock plays an important role in predicting an accurate computational aerothermodynamic results for blunt body hypersonic problems.
• Spanwise anisotropic grid cells under-predict the surface heat transfer rate distributions but do not lead to asymmetric results.
• Highly irregular and skewed grid cells lead to under-prediction of surface quantities, but remain symmetric if the grid is symmetric in the spanwise direction.
• Asymmetric grid cells with low frequencies perturbation result in asymmetric computational results.
• Irregular symmetric grid cells with low frequency irregularities have a greater effect than those with higher frequencies.
• Grid irregularities within the boundary layer lead to large local error in heat transfer rate prediction.
Based on this investigation, the current dimensionally-split flux scheme fails to adequately compensate for grid irregularities and yields to large errors in surface pressure and heat transfer rates. This fuels the ongoing quest for truly multidimensional algorithms.
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